g of carbohydrate per cell. Cell wall and cell membrane lipids also varied with growth conditions. The ratio of saturated to unsaturated fatty acids in cells grown under low-nutrient conditions was approximately five times greater than that in cells grown under high-nutrient conditions, suggesting possible differences in membrane
permeability. An analysis of sulfhydryl (-SH) groups revealed no quantitative difference with respect to growth conditions. However, upon exposure to chloramines, only 33% of the -SH groups of cells grown under low-nutrient conditions were oxidized, compared with 80%o oxidization of -SH groups in cells grown under high-nutrient conditions. The reduced effectiveness of chloramine oxidization of -SH groups in cells grown under low-nutrient conditions may be due to restricted penetration of chloramines into the cells, conformational changes of enzymes, or a combination of both factors. The results of this study suggest that chloramine resistance developed under low-nutrient growth conditions may be a function of multiple physiological factors, including cellular aggregation and protection of sulfhydryl groups within the cell.
The presence of microorganisms in treated water distribution systems can be problematic, especially when these organisms are primary or opportunistic pathogens, support the growth of pathogens, interfere with the detection of coliforms, or result in undesirable aesthetic problems. The application of disinfectants, such as chlorine or chloramines, before distribution is generally the most important step in the control of these organisms and in many cases is the only form of treatment. Even though the use of chlorine and chloramines has proven effective, numerous investigators have reported that coliforms and other organisms can be isolated from treated-water distribution systems containing a disinfectant residual (28, 35, 36) . The survival of microorganisms in the presence of disinfectant agents may be due to non-cell-mediated or cell-mediated factors or a combination of both. Non-cell-mediated events are physicochemical in nature and include the presence of disinfectant-demand compounds (31) , microbial association with particles (25, 31, 36) , growth within protective microhabitats promoted by corrosion processes within the distribution system (29) , and association with invertebrate or protozoan vectors (19, 26) .
Microbial resistance to disinfectants may also be due to cell-mediated physiological alterations of the organism. This process is poorly understood but presumably is due to phenotypic changes of the organism in response to the prevailing growth environment. In studies conducted by DEVELOPMENT OF CHLORAMINE RESISTANCE BY K PNEUMONUAE 2919 by disinfectants provide important information concerning possible disinfectant resistance due to alterations of cellular components. For example, the primary sites of cellular inactivation by chlorine and chloramines are sulfhydryl groups of proteins located in the cell membrane and the cytoplasmic region of the cell (3, 14, 15) . Work by Jacangelo et al. (15) has indicated that chloramines inactivate bacterial cells by oxidization of sulfhydryl groups to disulfides or to higher oxidized states, resulting in impairment of enzyme function and eventually cellular death. Presumably, physiological alterations or reduced accessibility of this primary target site may limit oxidation and thus enhance cellular resistance to chlorine-based disinfectants.
Previous work in our laboratory with a Kiebsiella pneumoniae strain indicated that growth under low-nutrient conditions similar to those in the potable water environment increased resistance to chloramines (43) . Accordingly, the objective of this study was to characterize physiological components in K pneumoniae responsible for this enhanced resistance. Specifically, chloramine-sensitive and chloramine-resistant cells were examined for aggregation potential, capsule production, lipid composition, and differences in sulfhydryl content and reactivity to chloramines.
MATERIALS AND METHODS
Organism and culture conditions. The K pneumoniae strain used in this study was provided by Mark LeChevallier of the American Water Works Service Company (Belleville, Ill.). Growth conditions promoting chloramine-resistant and chloramine-sensitive strains were described in a previous article (43) . Briefly, K pneumoniae grown in a 1:1,000 dilution of a yeast extract-based medium described by Ristroph et al. (37) was determined to be approximately five times more resistant to chloramines than K pneumoniae grown in an undiluted solution of the same medium. Before the assay, chloramine-sensitive cells were prepared by growing them in full-strength Ristroph's medium to the stationary phase at 23°C, harvesting them by centrifugation at 10,000 x g for 10 min at 4°C (model J2-21; Beckman Corp., Palo Alto, Calif.), and washing them two times in 10 mM phosphate buffer (pH 7.0). Growth conditions and cell preparation procedures for chloramine-resistant cells are described below.
Inorganic monochloramine solution and disinfection conditions. The preparation of inorganic monochloramine solution, the cleaning regimen for glassware used in disinfection studies, and the disinfectant assay conditions were described in detail by Stewart and Olson (43 (4) . Initially, the cells were grown in Ristroph's broth solution as described above and concentrated by filtration (0.45-,um-pore size filters; Gelman Sciences, Ann Arbor, Mich.); they were then washed twice with 50 ml of 10 mM phosphate buffer (pH 7.0) to remove any carbohydrate material from the growth medium. The filter was then placed in a sterile 50-ml centrifuge tube containing 10 ml of 10 mM phosphate buffer (pH 7.0) and vortexed for approximately 2 min to release cells from the filter. The filter was discarded, and an additional 30 ml of phosphate buffer was added to the centrifuge tube containing the cells. The contents of the tube were mixed, and a 1-ml volume was removed, diluted in phosphate buffer, and plated in triplicate on R2A agar (Difco, Detroit, Mich.) to determine cell density. The densities of chloramine-sensitive and chloramine-resistant cells were approximately 3.7 x 108 and 1.4 x 107 CFU/ml, respectively. Replicate analysis with chloramine-sensitive cells indicated that concentrating the cells by filtration did not result in levels of extracellular material different from those obtained by the low-speed centrifugation procedure used to harvest cells for disinfection assays. After filtration and resuspension in phosphate buffer, cells were centrifuged at 48,000 x g for 15 min at 4°C. To enhance recovery of extracellular polymer material, the pellet was vigorously resuspended by vortexing for 3 min and centrifuged again at 48,000 x g for an additional 15 min. The supernatant was then analyzed for extracellular polymer content by the method described by Dubois et al. (9a), with glucose as a reference. Glucose concentrations in cell samples were determined by using a standard curve of absorbance versus moles of glucose. Samples were analyzed with a Beckman DU 5 spectrophotometer set to measure the A490. Results were based on triplicate samples.
Lipid assay. Chloramine-sensitive and chloramine-resistant cells were analyzed for alterations of lipid composition before and after exposure to chloramines. Chloramine-sensitive cells were grown and harvested as described above. To produce a sufficient quantity of cells, chloramine-resistant cells were grown on agar plates of Ristroph's medium diluted 1:1,000. Cells were harvested by adding approximately 3 ml of sterile phosphate buffer (pH 7.0) to each plate and scraping the plate with a sterile glass rod. The contents of each plate were poured into a sterile 1-liter beaker, dispensed into 50-ml centrifuge tubes, and harvested by centrifugation. After being harvested, these cells were dispensed into three equal volumes into sterile 1-liter chlorine demand-free beakers containing 500 ml of phosphate buffer (pH 8.0). In the first beaker, an additional 500 ml of phosphate buffer was added. In the second and third beakers, 500 ml of disinfectant solution was added to produce final chloramine residual concentrations of 2.0 and 20.0 mg/liter, respectively. The cells were mixed for 20 min at 100 rpm with a paddle stirrer. At the end of this period, 1 ml of 10% sodium thiosulfate was added and allowed to mix for approximately 5 min. The exposure conditions for the chloramineresistant cells were the same as those described above for the chloramine-sensitive cells. Following disinfection, chloramine-sensitive and chloramine-resistant cells were harvested and concentrated by centrifugation to a final volume of approximately 2 ml. The final cell concentrations were approximately 3 x 108 and 3 x 1010 CFU/ml for chloraminesensitive and chloramine-resistant cells, respectively. Cells were frozen at -20°C and sent by overnight delivery to Microbial ID, Inc. (Newark, Del.), for lipid analysis. Fatty acids were analyzed by the method described by Miller and Berger (30a) . Briefly, fatty acids were released from the cells by the addition of 1.0 ml of 15% NaOH in 50% methanol with heating for 30 min in a boiling water bath. The fatty acids were methylated by addition of 2 ml of 3 N HCl in 50% methanol in an 80°C water bath. The aqueous extract was then washed with 1.25 ml of hexane-ether (1:1, vol/vol) by tumbling on a hemocytology mixer for 10 min. Finally, the aqueous wash of the organic phase was performed by addition of 3 ml of 1.2% NaOH and tumbling for 5 min. The organic phase was then analyzed with a gas chromatograph (model HP 5890A; Hewlett-Packard Co., Palo Alto, Calif.) equipped with HP 5898A Microbial Identification System software (Hewlett-Packard). Replicate analysis of the chloramine-resistant cell condition confirmed that the results were highly reproducible. The mean variability + standard deviation for each lipid constituent was 3% + 3.5%.
Sulfhydryl analysis. Whole cells and cell extracts of chloramine-sensitive and chloramine-resistant cells were analyzed for sulfhydryl group content and sulfhydryl reactivity to chloramines. Chloramine-sensitive and chloramine-resistant cells at concentrations of approximately 7 x 109 and 4 x 109 CFU/ml, respectively, were prepared as described in "Lipid assay" above. Chloramine exposure conditions were identical to those described in "Lipid assay," with the exception that final chloramine residual concentrations were 2.5 and 25.0 mg/liter for chloramine-sensitive and chloramine-resistant cells, respectively. Cell extracts were prepared by suspending the cells in 10 mM phosphate buffer (pH 7.0) in 1.5-ml microcentrifuge tubes containing approximately 0.3 g of zirconium beads (Ultrasonics, Inc., Farmingdale, N.Y.) to enhance cell disruption. The samples were chilled in an ice bath for 20 min prior to sonication. The cells were sonicated for 10 min in a Heat Systems sonicator (Ultrasonics) set at full power. The sonicator horn was cooled to 4°C by continuous recirculation of polyethylene glycol contained in an ice bath. This procedure produced a final cell extract temperature of 23°C or less after sonication. The efficiency of sonication was confirmed by direct microscopic observation of cells before and after sonication. In general, more than 90% of all cells were lysed after sonication.
Cysteine sulfhydryl group (-SH) concentrations were determined with 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB; Sigma Chemical Co., St. Louis, Mo.) by the method described by Jacangelo et al. (15) . DTNB reagent was prepared before each assay by dissolving 39.6 mg of DTNB in 10 ml of 0.1 M phosphate buffer (pH 7.0). A 0.1-ml sample was added to 2.0 ml of 0.1 M phosphate buffer (pH 8.0), and 0.1 ml of DTNB was added immediately thereafter. Samples were analyzed after 2 min with a Beckman DU 5 spectrophotometer set at 412 nm. Determinations of -SH content were made in reference to a standard curve of absorbance versus moles of sulfhydryl group. Disulfide (S-S) concentrations were determined with dithioerythritol (Sigma) as described by Zahler and Cleland (47). A 0.2-ml volume of sample was added to a mixture of 0.1 ml of 0.5 M Tris buffer (pH 9.0) and 0.1 ml of 3.0 x 10-3 M dithioerythritol. After 20 min, 1.0 ml of 1.0 M Tris (pH 8.1) and 1.5 ml of 5.0 x 10-3 M sodium arsenite were added. After 2 min, 0.1 ml of DTNB was added, and the A412 was recorded for 5 min. The monothiol sulfhydryl group content was determined by extrapolating the linear portion of the curve to the time of DTNB addition. S-S content was determined in reference to a standard curve as described above. (grown in undiluted Ristroph's medium) were considerably larger than the chloramine-resistant cells and ranged in volume from approximately 1 to 10 ,um3, with a mean cellular volume of 6.3 p.m3 (Fig. 2) , and were rod shaped with dimensions of 1 p.m in width and 3 to 3.5 p,m in length.
The level of cellular aggregation in the chloramine-sensitive and chloramine-resistant cell populations was determined by plotting cell volume versus percent totalized cell volume (Fig. 3) . These results indicated that the total volume of chloramine-sensitive cells was equivalent to the summed volume of single cells, indicating that chloramine-sensitive cells did not form aggregates. This was confirmed by microscopic observation, which revealed that 100% of the chloramine-sensitive cells occurred in aggregates of one to five, with most cells occurring individually or in pairs (data not shown). In contrast, a significant amount of the total cellular population for chloramine-resistant cells was greater than that represented by the summed volume of single cells, (Fig. 4) .
Chloramine-resistant cells were exposed for 20 min to 1.5 or 15.0 mg of residual chloramines per liter to evaluate the effect of chloramine exposure on cellular aggregation. Even at a level of 15 mg of residual chloramine per liter, the aggregation profile of the chloramine-resistant cells was not altered (Fig. 5) Chloramine exposure studies were conducted to determine whether cell wall or cell membrane lipids, especially those lipids that differed between chloramine-sensitive and chloramine-resistant cells, were reactive to chloramines. When chloramine-sensitive cells were exposed to chloramines at concentrations of up to 20 mg/liter, there was no change in cellular lipid composition, suggesting that lipids were not altered by chloramine exposure (Table 2) . Similarly, when chloramine-resistant cells were exposed to chloramines, there was no change in cell wall or cell membrane lipid composition (Table 3 ). These results indicate that (Table 4) Statistical analysis by Student's t test indicated that there was no statistical difference (P < 0.05) in the levels of -SH or S-S groups between chloramine-sensitive and chloramineresistant cells. To evaluate the reactivity of -SH groups, chloramine-sensitive and chloramine-resistant cells were exposed to increasing levels of chloramines (Table 5) . After exposure of chloramine-sensitive cells to 2.5 and 25 mg of chloramines per liter, the levels of -SH groups decreased by 46 and 80%, respectively. However, when chloramine-resistant cells were exposed under the same conditions, only 28 and 33% of -SH groups were oxidized, suggesting that the -SH groups in these cells were subjected to less chloramine oxidization. The difference in -SH reactivity between chloramine-sensitive cells and chloramine-resistant cells was determined to be statistically significant by Student's t test (P < 0.05). There was no detectable increase in the amount of S-S groups in chloramine-resistant cells following chloramine exposure, confirming the lack of reactivity of SH groups within these cells. In contrast, there was an increase in the amount of S-S groups in chloramine-sensitive cells, suggesting -SH group oxidation. However, there was no statistical difference between the S-S content in chloraminesensitive cells and that in chloramine-resistant cells following exposure to increasing levels of chloramines. This may have been due to the high level of variation of measurable S-S content in the experimental assay.
DISCUSSION
The K pneumoniae strain used in this study was previously determined to develop increased resistance to chloramines when grown under low-nutrient conditions (43) . Importantly, nutrient levels promoting the greatest resistance were equivalent to or lower than those found in potable water environments. Other investigators have also reported that antecedent growth conditions could stimulate microbial resistance to disinfectant agents (2, 8, 23, 46) . To adapt to low-nutrient conditions commonly occurring in potable water, an organism may undergo physiological changes that can render it phenotypically distinct from the same organism grown in nutrient-rich environments (20, 41) . The present study examined physiological traits of K pneumoniae that were altered under low-nutrient growth conditions in relation to enhanced resistance to chloramines.
Chloramine resistance promoted by aggregation. When K pneumoniae was grown in a 1:1,000 dilution of the yeast extract-based medium (37), the cells were smaller, were coccobacillar in morphology, aggregated extensively, and were more chloramine resistant. When the same strain was grown in an undiluted broth of the same medium, the cells were much larger, were rod shaped, did not aggregate, and Chloramine resistant1 (4.1 + 1.7) x 109 (<2.8 + 1.6) x 10-10 (7.6 ± 9.8) x 10-10 (5.5 ± 1.1) x 10-9 (5.0 ± 0.1) x 10-9 a Data represent the means ± standard deviations from at least three experiments. There was no statistically significant difference between chloramine-sensitive and chloramine-resistant K pneumoniae in bacterial concentration or -SH or S-S content (a = 0.05); the statistical significance in -SH content of whole cells was not determined because such a determination was not appropriate.
b In most cases, levels of -SH and S-S groups in whole cells were at or below the limit of detection.
c Grown in undiluted Ristroph's medium at 23'C. (34) . Importantly, when the aggregating strain was treated with a surfactant to disassociate the cells, the aggregating strain was readily inactivated and demonstrated inactivation kinetics similar to those of the nonaggregating strain (42) . These previous studies suggest that aggregation acts as the primary variable promoting chloramine resistance. Documentation in the literature by other investigators concerning disinfectant resistance due to microbial aggregation is limited but does suggest that this phenomenon is common to several different types of organisms. For example, Wei and Chang (45) found that the amoeba Naeglena gruberi could form aggregates of various sizes. When N. grubeni was exposed to iodine, it was observed that as the clump size increased, there was a concomitant decrease in the rate of inactivation. In addition, Scarpino (38) reported that aggregated polioviruses were 1.7 times more resistant to chloramines than monodispersed viruses, and Katzenelson et al. (18) found that aggregated polioviruses were 4 times more resistant to ozone than nonaggregated polioviruses.
Role of capsular material in chloramine resistance. The chloramine-resistant strain of K pneumoniae produced approximately six times the amount of capsule per cell produced by the chloramine-sensitive strain. Some investigators have indicated that capsule production by K pneumoniae grown under low-nutrient conditions may stimulate resistance to chlorine or chloramines (23, 33) . Olivieri et al. (33) observed that disinfectant resistance was (12) found that the resistance of K pneumoniae to chlorine dioxide was 2.5-fold greater when the organisms were grown at 15°C than when they were grown at 37°C. These authors hypothesized that decreases in membrane fluidity resulted in decreased permeability, thus restricting the movement of chlorine dioxide into the cell.
In the present study, it was observed that the proportion of saturated to unsaturated fatty acids was five times greater in chloramine resistant K pneumoniae cells than in chloramine-sensitive cells. This may be significant, because higher proportions of saturated fatty acids decrease membrane fluidity (10, 27) (17) and heavy metals (9) . Stelmaszynska and Zgliczynski (40) observed that cystine groups located within the internal protein structure of the insulin molecule were protected from the oxidizing action of chlorine. Possibly, the growth conditions that enhanced the resistance of K pneumoniae to chloramines in this study also resulted in conformational changes of enzymes previously susceptible to oxidation by chloramines. Further work, including protein analysis and radioisotopic uptake studies with chloramines, will be necessary to resolve this issue.
Mechanism of chloramine resistance. The results from this study indicate that growth under low-nutrient conditions can alter physiological structures of the cell, resulting in increased resistance to chloramines. These physiological changes include increased aggregation potential, increased capsule production, alteration of membrane lipids, and decreased sulfhydryl group oxidation. These changes most likely act in a concerted manner to enhance the resistance of K pneumoniae to chloramines. Some investigators believe that the presence of a biofilm in a drinking water distribution system is the primary source for the protection and release of coliforms (24, 44) . Regardless of the presence of a protective biofilm, it is well documented that coliforms and other organisms can be isolated from distribution systems containing a disinfectant residual. In the low-nutrient environment of the distribution system, these organisms may be under selective pressure to modify physiological attributes to maximize nutrient acquisition. Inadvertently, these cellular modifications may also provide protection against stressor compounds such as disinfectants. This report delineates chloramine resistance mechanisms developed by K pneumoniae under low-nutrient growth conditions that may explain the occurrence of this organism and possibly other coliforms in disinfected water distribution systems.
